Oligosaccharides are linked to the protein surface and play roles in a number of biological events.
Oligosaccharides are linked to the protein surface and play roles in a number of biological events. 1, 2) Therefore, much attention is being paid to research to investigate the function of the oligosaccharides. For post and co translational modification, attaching of oligosaccharides onto the proteins is thought to have a large effect on protein working. Recently, the human genome has been almost decoded, so that post genome research also requires a scrupulous study of the function of oligosaccharides on a protein.
Oligosaccharides on glycoprotein are roughly divided into two groups, O linked and N linked types. In the case of the O linked type, a small oligosaccharide attaches to the alcohol of serine or threonine by an N acetyl D galactosaminyl linkage. The sequences of the small oligosaccharides are classified into 8 groups. On the other hand, the N linked type is a large branched oligosaccharide, which is further divided into three types: complex, hybrid, and high mannose type (Fig. 1) . All oligosaccharides are linked to the nitrogen of asparagine by an N glycosyl linkage. Biosynthesis of this N linked oligosaccharide has been extensively studied. Recently, research for quality control of glycoprotein in the Endoplasmic reticulum has proved that a chaperon, calnexin calreticurin, monitors the folding process of protein recognizing high mannose type oligosaccharide on its protein surface and unfolded glycoproteins are then transported into a cytosol for digestion. 3) In order to prove the function of N glycan on the protein surface, a convenient synthetic method for N glycan and its glycopeptide should be developed. In this paper, we introduce recent synthetic developments focusing on the enzymatic synthesis of N linked oligosaccharides.
Synthesis of N-linked oligosaccharide.
During the synthesis of N linked oligosaccharide, several synthetic hindrances should be overcome such as stereo specific glycoside formation, and the reduction of repetitive protection and deprotection steps. In the case of glycosylation, formation of mannosyl and sialyl linkages, which is difficult, should be performed. Both glyco-sylations frequently afford undesired stereo isomers when conventional glycosylation conditions are used such as chloride, imidate , thio and fluoride donors.
For the mannosyl linkages, in 1982, Paulsen 4) reported that the mannosyl linkage can directly be formed by use of silver silicate and then in 2001, Crich reported a facile synthesis of direct mannosyl linkage formation. 5) Hindsgaul, 6) Stork 7) and Ito 8) reported a sophisticated mannosylation reaction in which an oligosaccharide acceptor was tethered at the 2 position of the mannosyl donor, and then mannosylation stereo specifically occurred. Kunz, 9) Lichtenthaler 10) and Sato 11) also have reported an inversion method of the 2 hydroxy group of glucoside to obtain mannosyl linkage.
For the sialylation linkage, Goto, 12) Ogawa, 13) Whitesides 14) and Schmidt 15) have reported that equatorial auxiliary at the 3 position of sialic acid potentially supports stereo specific formation of sialyl linkage, and this method has been used for several sialylations. Hasegawa and Kiso have reported a convenient sialylation method in acetonitrile and this method has been used for the synthesis of a number of gangliosides. 16) Schmidt, Wong and Lo nn groups also reported sialylation method in acetonitrile. 17 19) Hence, this stereoselectivity is increased by use of a new sialyl donor of which the acetamide group at the 5 position is modified. 20 22) Recently, Gin and Mukaiyama groups reported that C 1 modified sialic acid and fluoro donor, respectively are the useful sialyl donors for selectivity. 23, 24) In order to synthesize complex type N linked oligosaccharide, more than 5 sugar residues should be linked for the synthesis of the core structure and then 11 sugar residues should be linked for the synthesis of biantennary disialyloligosaccharide. This synthesis, however, requires not only repetitive protection deprotection steps but also a commendable technique for dealing with such complex molecules. For such syntheses, tetraantennary , 25 27) triantennary , 25, 28, 29) biantennary complex type, 25, 30, 31) N linked oligosaccharides and high mannose 32, 33) type oligosaccharides have been synthesized (Fig. 2) , but the procedures require an excellent technique to deal with the oligosaccharides and are very time consuming.
In order to overcome these drawbacks in the synthesis of such oligosaccharides, enzymatic methods by use of several glycosyltransferases have been developed. Wong has established an excellent approach for the synthesis of oligosaccharides by use of many glycosyltransferases as one pot enzymatic synthesis and this technique afforded oligosaccharides in large scale. 34) These glycosyltransferases are responsible for transferring a sugar residue from an activated donor substrate, sugar nucleotide to the specific sugar acceptor. 35) Although, in order to synthesize N linked oligosaccharides over 6 kinds of glycosyltransferases are essential, the quantity and variety of glycosyltransferases are insufficient for the synthesis. Toward overcoming this problem, combined chemical and enzymatic synthesis is potentially useful. 36) Some oligosaccharide parts in which glycosyl linkages can not be formed by the corresponding glycosyltransferases, are synthesized by a conventional chemical method and then other glyco- syl linkages which can be synthesized by glycosyltransferases, are prepared by an enzymatic method. Unverzagt has demonstrated such a convenient concept for the synthesis of complex type N linked oligosaccharides 37, 38) ( Fig. 3) .
On the other hand, semisynthesis 39, 40) of large oligosaccharides has also been demonstrated. In this case, commercially available glycoproteins, such as Fetuin, are the starting materials for the N linked oligosaccharides source. In order to prepare oligosaccharides having a free hydroxyl group at the anomeric position of the reducing end, hydrazinolysis 41) of glycoprotein is the most suitable method but care should be taken in view of its toxic nature. For preparation of oligosaccharyl peptide, protease digestion is suitable, but careful purification is essential due to the fact that the peptide fragments of glycopeptide are diversified.
Matured complex type N linked tetra , tri and bi antennary oligosaccharides have the same sugar component, NeuAc 2,3 (or 6) Gal 1,4 GlcNAc 1,2 Man at the non reducing site. However, diversity in the structure of such oligosaccharides is seen. It is generally called glycoform. In order to investigate the function of oligosaccharides, we should study what structure in the glycoform is concerned with the corresponding biological event. For this research purpose, individually pure diversified oligosaccharides should be prepared.
In order to synthesize diverse oligosaccharides by the semisynthetic method, branch specific removal of the sugar residues from a single NeuAc 2,6 3 Gal 1,4 GlcNAc 1,2 Man structure is necessary and this strategy can afford over 20 pure asparagine linked oligosaccharides from the asparagine linked biantennary complex type sialylundecasaccharide a which can be prepared from egg yolk on a large scale. For this strategy (Fig. 4) , preparation of pure mono sialyloligosaccharides by selective acid hydrolysis of NeuAc (a) is essential and then the monosialyloligosaccharide (b, c) obtained should be treated by subsequent branch specific exo glycosidase digestion ( D galactosidase, N acetyl D glucosaminidase and D mannosidase) of the individual asialo branches. However, this simple strategy has drawbacks as shown in Fig. 4 . Acid hydrolysis of NeuAc may not be selective and may afford various products (step 1 in Fig. 4) : the disialyloligosaccharide (substrate: a), two kinds of monosialyoligosaccharides (b, c) and the asialooligosaccharide (the over reaction product: d). Oligosaccharides have a highly hydrophilic nature; therefore, it is known that purification by HPLC is very difficult on a synthetic scale. In order to purify these oligosaccharides, hydrophobic protecting groups to the oligosaccharide were added to increase the degree of interaction between the oligosaccharides and ODS HPLC column (step 2 in Fig. 4) . Successful purification afforded many diverse oligosaccharides by branch specific exo glycosidase digestion as shown in steps 3 and 4 of Fig. 4 . According to this strategy, over 35 kinds of diverse oligosaccharides can be prepared 42) (Figs. 5, 6 ).
Conclusion.
Preparation of large oligosaccharides such as N linked complex type oligosaccharides is now feasible by use of a chemical and enzymatic method, and diversification of these structures is also possible by branch specific glycosidase digestion in order to obtain many kinds of diverse oligosaccharides. Synthesis of glycoproteins and glycopeptides will be possible soon and it will lead to elucidation of the role of oligosaccharides on protein. 
